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, and the electrophysiology data demonstrated this EYFP-NBCe1A coexpressed pair have wild-type transport function. These data suggest NBCe1A forms dimers and that NH 2 termini from the two monomers are in close proximity, likely pair up, to form a functional unit. To explore the physiologic significance of NBCe1 dimerization, we chose two severe NBCe1 mutations (6.6 and 20% wild-type function individually): S427L (naturally occurring) and E91R (for NH 2-terminal structure studies). When we coexpressed S427L and E91R, we measured 50% wild-type function, which can only occur if the S427L-E91R heterodimer is the functional unit. We hypothesize that the dominant negative effect of heterozygous NBCe1 carrier should be obvious if the mutated residues are structurally crucial to the dimer formation. The S427L-E91R heterodimer complex allows the monomers to structurally complement each other resulting in a dimer with wild-type like function. Na ϩ /HCO 3 Ϫ cotransporter; protein structure; SLC4; acid base; Xenopus oocyte; electrophysiology; membrane current A MAJOR TASK OF THE PROXIMAL tubule (PT) is to reabsorb NaHCO 3 while maintaining intracellular pH (renal bicarbonate absorption: ϳ350 g/day, 1 lb/day). The PT reabsorbs 80 -90% of filtered HCO 3 Ϫ , and 70% of the filtered Na ϩ . In PT epithelia, the apical Na ϩ -H ϩ exchanger (NHE3) and basolateral electrogenic Na ϩ /HCO 3 Ϫ cotransporter (NBCe1A) regulate pH in a coordinated fashion. Both NHE3 and NBCe1A activities increase during chronic metabolic acidosis (1, 31) , respiratory acidosis (25) , and chronic hyperfiltration (32) .
Human missense mutations in the gene encoding NBCe1 (SLC4A4; OMIM No. 603345) were shown to cause permanent proximal renal tubular acidosis (pRTA, type II RTA) and ocular abnormalities including bilateral glaucoma, cataracts (corneal opacity), and band keratopathy without obvious pancreatic defects (19, 34) . These data indicate that NBCe1 is the HCO 3 Ϫ and/or Na ϩ exit transport pathway in the proximal tubule and that NBCe1 plays a key role for maintaining ocular pressure and/or corneal clarity (40) .
The crystal structure of band 3 (AE1, SLC4A1) shows a strong preference for dimerization and possibly even tetramerization (with ankyrin binding loop) in its membrane environments (21, 43) . Studies with AE1 (3, 22) and NBCe1 (30) biochemically indicate that both, and probably all, Slc4 members form dimers. AE1 monomers can function within a dimer, and both AE1 dominant and recessive mutations causing distal renal tubular acidosis are observed (2) . However, the physiologic implications of NBCe1 dimerization have not yet been explored.
We have studied the biophysical and transport properties of human disease caused by NBCe1 mutations (8, 10) . NBCe1 mutations found in patients with proximal renal tubular acidosis, glaucoma, and cataracts are only recessive. Although parents and siblings of affected individuals theoretically make some amount of the mutant form of NBCe1 protein, they seem asymptomatic. It is conceivable that NBCe1 forms functional dimers that heterodimer proteins remedy the mutation consequence.
Thus we hypothesize that NBCe1 naturally forms functional dimers and adopted biomolecular fluorescence complementation (BiFC) techniques to determine if membrane NBCe1 dimerization occurs. We mix matched the complementary nonfluorescent fragments linked to NH 2 termini or COOH termini of NBCe1 to interpret the dimer folding is tail to tail, head to head, or head to tail fashion. In addition, as an initial study of the physiological significance of NBCe1 dimerization, we coexpressed two mismatched NBCe1 mutations in Xenopus oocytes. We investigated if NBCe1 function can be partially restored in heterodimer mutation.
METHODS

Construction of fluorescent fusion proteins.
The most widely used approach for the visualization of protein complexes in cells is fluorescence resonance energy transfer (FRET) between color variants of the green fluorescent protein (GFP) fused to interacting proteins (12) . This approach requires that the donor and acceptor molecules must be in close proximity (typically 10 -100 Å) and that there must be overexpression of the fusion proteins to allow quantification of small changes in fluorescence emissions (16) . However, there is another elegant and cost-effective way to study protein interaction and/or dimerization (36) . We used this newly developed, BiFC technique to visualize NBCe1A dimerization and/or protein-protein interactions.
This approach is based on complementation between two nonfluorescent fragments of the yellow fluorescent protein (YFP) when they are brought together by interactions between proteins fused to each fragment (16) . This method has been successfully used to visualize dimer assembly of G-protein ␤-and ␥-subunits in vivo (18) , as well as visualization of protein interactions in living cells (17, 41) .
We employed the BiFC technique to visualize NBCe1A dimer formation. The enhanced YFP (EYFP) containing a Q69M mutation to reduce environmental sensitivity (14) was created from green fluorescent protein plasmid (pEGFP-N1; Clontech) by mutagenesis using QuickChange mutagenesis kit (Stratagene). EYFP fragments were PCR amplified from pEYFP-N1 plasmid, and appropriate complimentary restriction sites were introduced on the 5=-and 3=-end. An amino-terminal EYFP fragment (1-158 amino acids, EYFP N ) was ligated to the NH2 terminus of NBCe1A at the multiple cloning site (MCS) of NBCe1A-pTLN2 containing unique restriction sites (Fig. 1A (39) . NBCe1A-EGFP-pGH19 was first converted to NBCe1A-EYFPpGH19 (containing Q69M) using QuickChange mutagenesis kit (Stratagene) as described above, then sequenced and functionally verified (data not shown) before subsequent subcloning. NBCe1A-C-EYFP C -pGH19 was created by adding a stop codon on the NBCe1A-EYFP-pGH19 construct using forward primer: (NBCe1-C-EYFP N -fwd) 5=-GGCCGACAAGCAGAAGTAGGGCATCAAGGTGAACTTCAA-GAT-3= and reverse primer: (NBCe1-C-EYFP C -rev) 5=-CTTCTGC-TTGTCGGCCATGATATAGACGTTGTGGCTG-3=. NBCe1A-C-EYFP N -pGH19 was created using a ligation-independent PCR cloning method (27) : forward primer (NBCe1-C-EYFP C -fwd) 5=-CGCCAC-CATGGTGAGCAAGAACGGCATCAAGGTGAACTTCAA-3= and reverse primer (NBCe1-C -EYFP C -rev) 5=-TGCCGTTCTTGCTCAC-CATGGTGGCGACCGGT-3=. After ligation, a linker sequence, GTEFAL, was introduced before the start of NBCe1A or a linker sequence, SPVAT, was introduced after the NBCe1A sequence. The same five-amino acid linker "SPVAT" was successfully used between the COOH terminus of NBCe1A and EGFP by other investigators without altering NBCe1A function (39) . The integrity of all fusion-protein, plasmid constructs were verified by DNA sequencing.
Xenopus oocyte isolation and injection. Stage 5/6 oocytes were harvested from female Xenopus laevis purchased from Xenopus Express (Beverly Hills, FL) or Nasco International (Fort Atkinson, WI). The procedure was approved by the Mayo Clinic Institutional Animal Care and Use Committee. An excised piece of ovary containing oocytes was rinsed ϳ20 min with 0CaND96 solution (several changes) until the solution was clear. The tissue was agitated in ϳ25 ml of sterile-filtered 0CaND96 solution with 1.5 mg/ml collagenase (type IA) for ϳ45 min. Isolated oocytes were rinsed several times with sterile ND96 medium, sorted, and stored in OR3 medium.
The pTLN2 or pGH19 vector containing NBCe1A-EYFP fusion protein construct was linearized with MluI or Not I. Capped cRNA was synthesized using a linearized cDNA template and the SP6 or T7 mMessage mMachine kit (Ambion, Austin, TX) as described previously (5, 6). We routinely assessed the concentration and quality of reaction products by ultraviolet absorbance and gel electrophoresis, respectively. Oocytes in OR3 medium were visualized with a dissecting microscope and injected with 46 nl of either cRNA (0.5 g/l or 23 ng/oocyte) or water. Injected oocytes were maintained in sterile OR3. The experiments on oocytes were performed 3-7 days following injection.
Oocyte electrophysiology. The NBCe1A transporter was expressed in oocytes, and transport function was examined using two-electrode voltage clamp. The electrodes were pulled from borosilicate capillary glasses to tip diameters of 1-2 m, filled with 3 M KCl and had resistance of 0.2-2 M⍀. Oocytes were impaled with microelectrodes for measuring membrane potential (V m) and passing current. Oocyte membrane potentials were controlled using an OC-725C voltage clamp (Warner Instruments, Hamden, CT), filtered at 2-5 kHz, digitized at 10 kHz, and recorded with Pulse software, and data were analyzed using the PulseFit program (HEKA) as previously (10) . Current-voltage (I/V) protocols consisted of 100 ms steps from Ϫ160 to ϩ60 mV in 20-mV steps. For periods when voltage-steps protocol was not being run, oocytes were clamped at a holding potential (V h) of Ϫ60 mV, and current was constantly monitored and recorded at 10 Hz.
The oocyte was held on nylon mesh in a chamber through which saline flows continuously (5 ml/min). The standard ND96 saline medium contains the following (in mM) 96 NaCl, 2 KCl, 1 MgCl 2, 1. equilibrated HCO 3 Ϫ solutions, 33 mM NaCl was replaced by 33 mM NaHCO3 (pH 7.5). In zero Na ϩ (0 Na ϩ ) solutions, NaCl is isoosmotic ion substituted with choline chloride and choline-bicarbonate. In each solution manipulation, two I/V protocols were executed. One was at the peak current right after the current start to rectify, and the second one was measured when the current reach the steady sate. The linear conductance is the slope of the transmembrane current (raw current) over the Ϫ20-to ϩ20-mV range at the steady state (26) . Membrane conductance (G ϭ I/V, units of Siemens, S) was calculated between Ϫ20 and ϩ20 mV because extracellular HCO 3 Ϫ -independent currents associated with NBCe1A expression were found minimal in this range (29) . The I/V curves in HCO 3 Ϫ solutions were calculated by subtracting the baseline current measured in HCO 3 Ϫ free solution (ND96).
Bimolecular fluorescence complementation assay. The full-length EYFP construct was first expressed in Xenopus to verify the integrity of the fluorescent signal from an unaltered EYFP protein in the expressing system (Fig. 1B) . The oocytes expressing EYFP or fusion proteins (monoexpressing and coexpressing) were examined using a Zeiss Observer Z1 inverted fluorescent microscope (Carl Zeiss, Germany). The excitation and emission filter set 46HE (500/25, 535/30) were used for observing EYFP fluorescent signal. Epifluorescent images were acquired with an AxioCam digital camera and AxioVision software (Carl Zeiss, Germany) (10, 35) . Exposure times and gain for images were set to be constant within the same batch of oocyte. These settings were determined empirically for auto fluorescence correction depending on the background fluorescent signal intensity from waterinjected oocytes. The image fluorescence intensity was measured with ImageJ software (version 1.47; National Institutes of Health) and plotted on the Z axis of a 3D intensity plot.
Coexpressing NBCe1A mutations. We selected two severe NBCe1A mutations (i.e., S427L and E91R) to use in dimer complementation experiments. S427L is a naturally occurred recessive mutation found in a patient (10) and E91R is an artificial mutation created for NH 2-terminal structure studies (5). These two mutations were individually expressed or coexpressed in oocytes, and electrophysiology assays were performed in the three groups to compare the transporter function to that of wild-type NBCe1A and water-injected oocytes.
Statistical analysis. Currents and linear conductances are represented as the means Ϯ SE. Statistical analyses were performed using a one-tailed Student's t-test to have a significant difference at P Ͻ 0.05 or less.
RESULTS
Bimolecular fluorescence complementation.
The full-length EYFP-pGEMHE construct were injected into Xenopus oocytes. Three days after injection, Xenopus oocytes showed obvious fluorescent signals (Fig. 1B) confirming the integrity of the EYFP protein in the expressing system. Minimum autofluorescence was found in the water-injected oocytes, but this small value was used for background signal correction.
Monoexpressing fluorescent fusion proteins. The aminoterminal EYFP fragment (1-158 amino acids, EYFP N ) fused to the NH 2 or COOH terminus of NBCe1A (EYFP N -N-NBCe1A or NBCe1A-C-EYFP N ) was expressed in Xenopus oocytes. Likewise, the carboxyl-terminal EYFP fragment (159 -238 amino acids, EYFP C ) fused to NH 2 or COOH terminus of NBCe1A (EYFP C -N-NBCe1A or NBCe1A-C-EYFP C ) was expressed in Xenopus oocytes. Three days after injection, using fluorescent microscope, Xenopus oocyte showed no fluorescent signal in any of the monoexpressed, EYFP fragment-NBCe1A, fusion proteins (Fig. 2) . These results verified the integrity of the EYFP-NBCe1A fusion protein that will be used for the BiFC analyses.
Electrophysiology of monoexpressed NBCe1A-EYFP fusion transporter. NBCe1A-EYFP fusion transporters were individually expressed in oocytes, and their transport function was examined using two-electrode voltage clamp (Fig. 2, right) . Transmembrane current traces of these four EYFP-NBCe1A fusion transporters (at V h ϭ Ϫ60 mV) are almost identical in response to HCO 3 Ϫ addition or Na ϩ removal. These fusion transporters behaved as one would expect a wild-type NBCe1A to behave (see Fig. 6 ). That is, the EYFP fragments do not interfere with normal NBCe1A transport function regardless of whether the EYFP tag is fused to NH 2 or COOH terminus of NBCe1A.
Coexpressing fluorescent fusion proteins. Pairs of YFP NNBCe1A and YFP C -NBCe1A fusion transporter were coexpressed in Xenopus oocytes. Three days after injection, oocytes were examined for EYFP fluorescent signals using a fluorescent microscope (Fig. 3) . One coexpressed pair, where both EYFP fragments were fused to the NH 2 terminus of NBCe1A (EYFP N -N-NBCe1A w/ EYFP C -N-NBCe1A), showed a strong EYFP fluorescent signal. Nevertheless, when we coexpressed the pair in which EYFP fragments were both fused to the COOH terminus of NBCe1A (NBCe1A-C-EYFP N w/ NBCe1A-C-EYFP C ), oocytes showed only slight fluorescent signals as quantified by 3D intensity plots (Fig. 3) . Similarly, very weak fluorescent signals were detected when we coexpressed a mix-and-matched pair where EYFP fragments are fused to either NH 2 terminus or COOH terminus (EYFP N -NNBCe1A w/ NBCe1A-C-EYFP C or NBCe1A-C-EYFP N w/ EYFP C -N-NBCe1A). The 3D intensity plots showed only marginal fluorescent signal at the oocyte edge. This result could be an optical artifact due to oocyte spherical shape. Alternatively, there is a low, but discrete probability that some EYFP N and EYFP C fragments are distributed in membrane proximity of the EYFP-NBCe1A fusion proteins. Similar results were observed in three separate oocyte batches expressing pairs of EYFP-NBCe1A fusion proteins. Electrophysiology of coexpressed NBCe1A-EYFP fusion transporter. Pairs of NBCe1A-EYFP fusion transporters were coexpressed in oocytes, and their transport function was measured by electrophysiology (Fig. 4) . When EYFP N -N-NBCe1A was coexpressed with EYFP C -N-NBCe1A, oocytes showed wild-type NBCe1A function (Fig. 4A) . This result complements the BiFC finding described in the previous section (Fig.  3A) . Interesting, when either NBCe1A-C-EYFP N was coexpressed with EYFP C -N-NBCe1A (Fig. 4B) , or when EYFP N -N-NBCe1A was paired with NBCe1A-C-EYFP C (Fig. 4C) , oocytes showed wild-type NBCe1A like transport function. Similar results were elicited by the NBCe1A-C-EYFP N and NBCe1A-C-eYFP C pair (Fig. 4D) . There was no statistical difference when we compared the HCO 3 Ϫ -dependent current . Functional complementation data illustrating NBCe1A forms dimers. E91R and S427L are 2 severe NBCe1A missense mutations when expressed individually results in 6.6 and 20% wild-type NBCe1A transport function. Coexpression of these 2 mutations (E91R ϩ S427L; with the same amount of total cRNA injected) in Xenopus oocytes is shown, and the net transporter activity is ϳ50% wild-type function rather than some average activity of the parts (i.e., Ͻ13%). Left: transmembrane current traces recorded when membrane potential was held at Ϫ60 mV. Right: I/V curves at various points of solution protocol. One was at peak current and other one was measured when the current reach the steady sate. The I/V curves shown were corrected current [subtracting the baseline current measured in HCO 3 Ϫ -free solution (ND96)] except for E91R and water-injected control oocyte, the I/V curve shown were raw currents (unsubtracted).
(measured at Ϫ60 mV) among various pairs of NBCe1A-EYFP expressed in oocytes (Fig. 5) . The linear conductance also showed similar transport characteristics among them. These results were somewhat expected as monoexpress NBCe1A-EYFP fusion transporters yielded similar transport function as wild-type NBCe1A (Fig. 2) .
Coexpressing NBCe1A mutations. We expressed NBCe1A mutations, namely S427L and E91R, in Xenopus oocytes. Expression of each of these mutations individually results in deficient NBCe1A transport activity (Fig. 6) . The HCO 3 Ϫ -dependent currents at Ϫ60 mV of the S427L and E91R mutation were significantly lower than those of wild-type NBCe1A. Their currents are 20 and 6.6% of wild-type NBCe1A expressing oocytes, respectively (Fig. 7A) . Although the E91R mutation has low transport activity, the HCO 3 Ϫ -elicited current (44.6 Ϯ 6.1 nA) at Ϫ60 mV was significantly higher compared to that of water-injected control oocyte (Ϫ3.7 Ϯ 1.5 nA). The linear conductance of E91R (1.28 Ϯ 0.12 S) was also significantly higher than that of waterinjected control oocyte (0.37 Ϯ 0.03 S).
The linear conductance is the slope of the HCO 3 Ϫ elicited current over the Ϫ20 to ϩ20 mV range (Fig. 7B) . The linear conductance of the S427L mutation (5.52 Ϯ 0.35 S) is significantly lower than that of the wild-type NBCe1A (21.61 Ϯ 1.79 S). The linear HCO 3 Ϫ conductance of the E91R mutation (1.28 Ϯ 0.12 S) is significantly lower than that of the wild-type NBCe1A but significantly higher than waterinjected control oocyte (0.37.7 Ϯ 0.04 S). However, when we coexpressed S427L and E91R, we observe ϳ50% weight function (Figs. 6 and 7) . The HCO 3 Ϫ -elicited current at Ϫ60 mV of the S427L/E91R coexpression was 315.2 Ϯ 18.2 nA while wild-type NBCe1A has 676.0 Ϯ 60.6 nA. The linear HCO 3 Ϫ conductance of S427L/E91R coexpression oocytes was (9.64 Ϯ 0.56 S) significantly higher than expressing S427L (5.52 S) or E91R (1.28 S) alone.
DISCUSSION
Before the physiological implications of NBCe1 dimerization can be assessed, it must first be demonstrated that NBCe1 forms dimers naturally.
In this study, we used the BiFC technique, which relies on the formation of a fluorescent complex by two nonfluorescent fragments of YFP brought together by association of interacting proteins fused to these fragments (16) . The EYFP fluorescent signal was observed only when two specific NBCe1A proteins, each with an EYFP fragment fused to the NH 2 terminus (EYFP N -N-NBCe1A w/ EYFP C -N-NBCe1A), were coexpressed in oocytes (Fig. 3) . Oocytes mono-or coexpressing NBCe1A-YFP fusion proteins have NBCe1A wild-type function (Figs. 2, 4 , and 5), which means that the EYFP fragments (EYFP N or EYFP C ) do not disrupt the NBCe1A transport function. Together, these data suggest that NBCe1A form dimers and that the NH 2 termini from the two monomers are in close proximity, and likely pair up, to form a functional unit. A similar result was reported in another study measuring FRET when NBCe1A was tagged on the NH 2 terminus with EYFP or Cerulean and expressed in HEK293 cells (23) . However, the fluorescent tags were not fused onto the COOH terminus of NBCe1A in this study.
Interestingly, no EYFP fluorescent signal was observed in oocytes coexpressing mix-and-matched NBCe1A-YFP fusion proteins when EYFP fragments are fused to either the NH 2 terminus or COOH terminus (EYFP N -N-NBCe1A with NBCe1A-C-EYFP C or NBCe1A-C-EYFP N with EYFP C -NNBCe1A). However, the coexpressed NBCe1A-EYFP fusion proteins remain functional like wild-type NBCe1A. These data suggest that the EYFP fragments (EYFP N or EYFP C ) do not disrupt the NBCe1A transport function. Additionally, when a NBCe1-dimer forms, the NH 2 terminus and COOH terminus are not in close proximity. Furthermore, the two COOH termini do not associate in NBCe1A-dimer formation as no EYFP fluorescence was observed with coexpression of both EYFP fragments fused to the NBCe1A COOH terminus (i.e., NBCe1A-C-EYFP N w/ NBCe1A-C-EYFP C ). Immunoblot analysis of NBCe1 from membrane fractions from rat kidney cortex shows a band of ϳ280 kDa with nonreducing conditions (30) . This strong band disappears, but a band of ϳ140 kDa appears with extreme reducing conditions. Together these data suggest that the NBCe1 exists in a dimeric form. Similar findings were reported where membrane fractions were isolated from mouse renal cortex or HEK293 cells expressing NBCe1A and analyzed by PAGE using mild solubilization in the nondissociative detergent perfluoro-octanoic acid (PFO) (23) .This study found that the dimeric form was the most dominant oligomer, but a minor tetramer coexisted with nondenaturing conditions (i.e., no DTT). Biochemical studies of the AE1 (SLC4A1) oligomeric structure have indicated that the AE1 protein forms dimers and tetramers with similar nondenaturing conditions (3, 4, 22) . The dimeric nature of the AE1 membrane domain was shown in the low resolution structure obtained by electron microscopy of 2D crystals (42) , and a high-resolution (at 0.26 nm) crystal structure of AE1 cytosolic domain shows a strong preference for dimerization (43) . Likewise, preliminary X-ray diffraction analysis of the NH 2 -terminal cytoplasmic domain of NBCe1A, have indicated that NBCe1A is likely in dimeric form (13) . Heterozygous mutations in the AE1 Cl Ϫ /HCO 3 Ϫ exchanger cause autosomal dominant distal renal tubular acidosis (dRTA) (24) . It was reported that the dominant dRTA may be caused by mistargeting of mutant AE1 to the apical membrane (9) or the cytosolic retention of hetero-oligomer complexes formation between wild-type and mutant AE1 membrane protein (33) . Interestingly, kidney AE1 isoform (kAE1) showed a "dominant-positive effect" by partially rescuing the recessive mutant kAE1 (S773P or G701D) trafficking to the plasma membrane of MDCK cells (7) . In contrast, the dominant mutant kAE1 (R589H) resulted in a "dominant-negative effect" when heterodimerized with the wild-type kAE1. Since NBCe1A forms dimers and tetramers like AE1, one should expect to find attenuated NBCe1 transport function through a dominant negative effect due to heterodimer complexes formation of wildtype and mutant protein. Nevertheless, all reported NBCe1 mutations found in patients with pRTA, glaucoma, and cataracts are exclusively recessive (8, 10, 15, 19, 20) . Although pRTA has not been found in the human heterozygous kindreds, it is plausible that heterozygous NBCe1 mutation carrier may exhibit pathological phenotypes in tissues with insufficient compensatory capacity for the loss of NBCe1 function (37, 38) or as a result of natural decreased function, as in aging.
A homozygous 65-bp deletion (⌬65bp) in the C terminus of NBCe1 was recently reported in a patient with pRTA, ocular abnormalities, and hemiplegic migraine (37) . Intriguingly, several heterozygous members of this family also presented with glaucoma and migraines. A dominant negative effect of heterodimer complexes formation of wild-type and the ⌬65bp NBCe1 mutation was speculated to be responsible for the occurrence of glaucoma and migraine in the heterozygous carriers (37) . Moreover, in a mouse nbce1-mutation model, the heterozygous NBCe1 mutations were not asymptomatic as observed in human mutation data. Both of the heterozygous NBCe1-deficient mice (NBCe1 ϩ/Ϫ and NBCe1 ϩ/W516X ) showed mild acidemia and aciduria (11, 28) . The intracellular pH and HCO 3 Ϫ absorption measurements in the renal proximal tubules from the NBCe1 ϩ/W516X mice were significantly lower compared to that of NBCe1 ϩ/ϩ mice. Why are the heterozygous NBCe1 mutation carriers less likely to develop a pathological phenotype? Heterozygous parents and siblings of affected individuals (e.g., the S427L patient) should make some mutant NBCe1 protein as both our data and those of others suggest that NBCe1 naturally forms dimers in native membrane environments. In the human heterozygous kindreds, there should be at least 50% chance to form heterodimer complexes (wt-S427L) in the whole dimer population, as well as a 25% probability to form wt-wt and S427L-S427L homodimers. We previously showed that the S427L mutation is a functional defected of the NBCe1 transporter (10) . The plasma membrane abundance of E91R and S427L was verified by either immunohistochemistry or chemiluminescence using an HA-tagged NBCe1A (5, 10) . This meant that both mutations are properly trafficked to the plasma membrane but are functionally deficient. It is only logical to assume that wt-S427L heterodimer complexes would be functionally similar to wt-wt homodimer complexes.
In our NBCe1A mutation coexpressing experiments, two severe mutations, i.e., S427L and E91R, both result in only minor (20 and 6.6%) wt NBCe1A transport activity. However, when these two mutations are coexpressed in oocytes, we observe ϳ50% wt NBCe1A function (Figs. 6 and 7) . According to probability, there should be 25% for each of the homodimers (S427L-S427L and E91R-E91R), and 50% E91R-S427L heterodimer in the NBCe1A dimer assembly population. Only if the S427L monomer can complement the E91R monomer in this heterodimer complex would S427L-E91R be functionally similar to wt-wt homodimer. This complementation model seems the most likely explanation for our results.
Similar to AE1 mutations, we believe that the dominant negative effect of the heterodimer will be obvious if the mutated residues are structurally crucial to the dimer formation. The S427L-NBCe1A (TM1) and E91R-NBCe1A (NH 2 terminus) mutations are located in different parts of the NBCe1A molecule. The S427L-E91R heterodimer complex allows the monomers to structurally complement each other resulting in a dimer with wild-type-like function. This BiFC study provides visual confirmation that NBCe1A forms dimers in oocytes membranes and that functional complementation in the NBCe1A dimer may explain why patients heterozygous for NBCe1A-mutations are not clinically symptomatic.
